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ABSTRACT Control of the horn ßy, Hematobia irritans (L.), is generally dependent on chemical
insecticides. However, the biology and behavior of the horn ßy favors rapid development of
insecticide resistance. To prolong the effectiveness of the insecticide option, information is required
regarding the mechanisms of insecticide resistance. Metabolic hydrolysis of insecticides by esterases
is adetoxiÞcationmechanism inmany insect species.Measurementof general esterase activitywithin
populations of horn ßies may provide a diagnostic tool for resistance management. In this study we
evaluated theamountof variation ingeneral esterase activitywithin femaleandmalehornßy samples
fromapopulation that hadnot beenexposed to insecticides for 8 yr.We foundconsiderable variation
in general esterase activity within samples of each sex, with females demonstrating the greater
variation. The observed variation is thought to be the result of age-structure dynamics within the
population. The amount of inherent variation makes it difÞcult to detect small mean differences
between populations, thus limiting the utility of general esterase assays. Thus, effective diagnosis of
esterase-mediated resistance mechanisms can only be achieved by the identiÞcation of speciÞc
detoxiÞcation esterases and the design of assays, either biochemical or molecular, for their detection
and measurement.
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THE HORN FLY, Hematobia irritans (L.), is an obligate
blood-feeding ectoparasite of cattle responsible for
annual economic losses of approximately U.S. $730
million (Drummond et al. 1981, Kunz et al. 1991).
Horn ßy induced stress and annoyance results in a loss
of feed efÞciency, reduced rate of gain, and decreased
milk production (Campbell 1976, Kinzer et al. 1984).
Control of the horn ßy has been almost completely
dependent upon chemical insecticides (Byford et al.
1999). Unfortunately horn ßy biology and behavior
favor rapiddevelopment of insecticide resistance (By-
ford et al. 1999). Horn ßy mobility ensures treatment
of a large percentage of the population, effectively
eliminating a refugium of susceptible individuals (By-
ford et al. 1999).

Mitigation of insecticide resistancewithin a hornßy
population is a complicated task because of the po-
tential interaction of several mechanisms of resis-
tance. A kdr- type mutation (kdr, knockdown resis-
tance) and a super kdr-type mutation have been
described in thepara-type sodiumchannel geneof the
horn ßy (Guerrero et al. 1997). These mutations con-
fer a high level of resistance to pyrethroid insecticides
(Guerrero et al. 1997). Enzymatic detoxiÞcation of
pyrethroids by oxidative pathways has also been re-
ported for the horn ßy (Sparks et al. 1990). The mixed
function oxidase (cytochrome P450) inhibitor, pip-
eronyl butoxide, synergized permethrin toxicity in
super-resistant horn ßies that also possessed the kdr
point mutation (Guerrero et al. 1997). In addition,
single-ßyextract analyseshavedemonstrated that per-

methrin susceptible and resistant horn ßies possess
esterases that can effectively hydrolyze permethrin
(Bull et al. 1988, Sparks et al. 1990, Xu and Bull 1995,
Pruett et al. 2000).

The effective life span of an insecticide is depen-
dent upon the intensity of the selection pressure for
resistance (Devonshire et al. 1998). Options to mini-
mize selection pressure become evident as diagnosis
of resistance mechanisms becomes possible (Devon-
shire et al. 1998). The metabolic esterase, E4 of Myzus
persicae, has been shown to degrade and sequester
insecticidal esters including pyrethroid, carbamate,
and organophosphate (OP) insecticides (Devonshire
and Moores 1982). Little is known regarding speciÞc
metabolicmechanismsofOPresistance in thehornßy.
Researchers have attempted to correlate general es-
terase activity in terms of banding patterns and stain-
ing intensity for electromorphs between susceptible
and resistant populations butwithoutmuchdiagnostic
success (Szalanski et al. 1995, Castiglioni-Ruiz et al.
1997, Guerrero et al. 1999). Microplate assays of sin-
gle-ßy general esterase activity from a collected sam-
ple of ßies allow the general esterase activity of a horn
ßy population to be quantiÞed. To statistically com-
pare mean esterase activities from different popula-
tions, it is necessary to understand the inherent vari-
ability in esterase activitywithin a hornßypopulation,
particularly a susceptible population. The purpose of
the current study is to evaluate the variability in gen-
eral esterase activity within female and male samples



from a horn ßy population that had not been exposed
to insecticides for 8 yr.

Materials and Methods

Microplate Esterase Assay. The general esterase ac-
tivity of single-ßy extracts was determined using
a-naphthyl acetate as substrate in a microplate tech-
nique (Devonshire et al. 1986), as modiÞed by Pruett
et al. (2000). Each ßy was pulverized on ice in a 1.5-ml
conical centrifuge tube containing 100 ml of extraction
buffer (20 mM sodium phosphate buffer, pH 7.0). The
pulverized ßy was centrifuged at 14,000 3 g in a
Hermle centrifuge (National Labnet, Woodbridge,
NJ) for 5 min at 48C. The supernatant ßuid was col-
lected and diluted 1:100 with extraction buffer. The
diluted sample (50 ml) was placed into the well of a
microtiter plate with 150 ml of extraction buffer con-
taining 5.0 3 1024 M a-naphthyl acetate. The enzyme
reaction was allowed to proceed for 30 min at 308C. At
the completion of incubation, 50 ml of extraction
buffer containing 0.15% o-dianisidine tetrazotized,
and 1.75% sodium dodecyl sulfate was added to each
well. The plates were placed in the dark at room
temperature, and the color development was allowed
to stabilize for 15 min. The resultant optical density
(OD)valueof eachwellwasmeasuredat 620nmusing
a CERES UV900HDi (Biotek, Winooski, VT) plate
reader. The experimental OD value for each replicate
(n 5 2) sample was determined by subtracting a plate
dye background OD value (buffer 1 dye) from the
resultant OD value, followed by the subtraction of a
substrate control OD value (buffer 1 substrate 1
dye). SpeciÞc activity in termsof mmoles naphthol per
minute per ßy equivalent was determined from an
a-naphthol standardcurve ranging from3.9 to500mM.

Collection of Aging Flies from an In Vivo Colony.
An in vivo colony of horn ßies was established from
ßies originally collected from cattle located 72.5 km
(45 miles) NE of College Station, TX, on the Camp
Cooley Ranch during November of 1997. The ßies
were collected for the purpose of establishing an OP-
resistant colony. At the time of collection, ßies were
bioassayed with the OP diazinon and the LC50 con-
centration was estimated to be 0.029 mg/cm2 with a
resistance ratio of 2.0 (laboratory susceptible strain
LC50, 0.015 mg/cm2) by cloth bioassay (Schmidt et al.
1985). Further laboratory selection with diazinon was
not attempted, and within 1 yr the estimated LC50

concentration had declined to a susceptible level, at
0.007 mg/cm2. Thus, ßies used in this experiment were
not considered resistant to diazinon. A sample of
newly emerged, unfed ßies was removed from the
emergence cage before the release of newly emerged
ßiesonto thehost steer.At theappropriate timeofhost
exposure (24, 48, 72, and 144 h), the host steer was
swept for ßy collection.Collectedßieswere sexed and
stored at 2808C.

Collection of Camp Stanley Horn Flies. At the time
ofßycollections, theCampStanley(SanAntonio,TX)
horn ßy population had not been exposed to insecti-
cides for 8 yr. A cloth bioassay (Schmidt et al. 1985)

conducted before ßy collection (20 August 1998) es-
timated the LC50 concentration for diazinon to be
0.016 mg/cm2 for the Camp Stanley population (lab-
oratory susceptible strain LC50, 0.012 mg/cm2). Flies
were collected Monday through Friday mornings for
2wkby sweepnet fromheavily infestedcattle (.1,000
ßies). Collected ßieswere transported to theKerrville
laboratory, sexed, and frozen at 2808C.

Age-Grading of Female Camp Stanley Horn Flies.
Female ßies were aged by the age-grading technique
for Stomoxys calcitrans (L.) as described by Scholl
(1980). Age-grading was based upon Þve stages of
gonotrophic development.

Data Analysis. Data were analyzed using SigmaStat
software (Kuo et al. 1992). Differences within male
and female ßy collections relative to esterase activity
and age-grading data were analyzed by the KruskalÐ
Wallis analysis of variance (ANOVA) on ranks, with
multiple comparisons made with DunnÕs method (P ,
0.05).

Results

General Esterase Variation within Samples of Fe-
male and Male Horn Flies. Daily measurements of
mean general esterase activities for female and male
horn ßies collected from the Camp Stanley horn ßy
population are presented in Table 1. Rather large
standard deviations within samples suggest consider-
able variation between individuals, particularlywithin
the female population. Male samples from days 1, 9,
and 11 were the only samples that passed a test of
normality, and all female samples failed a test of nor-
mality. Mean female general esterase activities were
lower and more variable on a day-to-day basis in the
second week of the study, and a decline in esterase
activity was noted on days 8 and 9. This variability
resulted in signiÞcant differences between observa-
tions (KruskalÐWallis one-wayANOVAon ranks,H 5
59.926, df 5 9, P 5 , 0.001). In paired comparisons
(DunnÕs method, P , 0.05), observations made on
days 1, 3, 4, and 5 of the study were signiÞcantly
different from observations made on days 8 and 9 of

Table 1. Variation in general esterase activity between Camp
Stanley female and male horn flies

Day n
Mean /

mM/mina SD n
Mean ?
mM/min

SD

1 100 6.624 3.818 99 4.707 2.278
2 98 6.445 4.544 100 3.611 1.543
3 100 6.787 3.875 100 3.813 1.812
4 87 6.966 4.299 99 3.533 2.157
5 100 6.433 4.278 100 4.232 2.339
8 100 4.687 3.054 100 2.838 1.447
9 100 4.146 2.526 100 4.199 1.600

10 100 6.009 3.854 100 3.717 1.684
11 100 5.750 3.226 100 4.157 1.943
12 100 5.768 3.529 100 4.814 2.447

Fly samples were collected Monday through Friday over a 2-wk
period.

a mM/min/ßy equivalent, ßy equivalent 5 50 ml of a 1:100 dilution
of ßy extract.
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the second week. The day 2 general esterase activity
differed signiÞcantly from day 9, but not day 8. In the
second week of the study esterase activity increased
toward the end of the week as days 10, 11, and 12
differed signiÞcantly fromday9.Malegeneral esterase
activity varied less than that of females, although, as
with females, a drop in esterase activity was noted on
day 8 (2.838 mM/min). Nonetheless, this variation
resulted in a signiÞcant difference within the male
population (KruskalÐWallis one-way ANOVA on
ranks, H 5 83.560, df 5 9, P 5 , 0.001). This noted
variation was almost totally dependent upon the low
day 8 esterase activity. In paired comparisons (DunnÕs
method, P , 0.05) days 1, 2, 3, and 5 were signiÞcantly
different from day 8 of the study. As male esterase
activity also increased toward the end of the second
week, observations on days 9, 10, 11, and 12 were
signiÞcantly greater than day 8. In addition, day 1
mean male esterase activity was greater than that of
day 4 of week 1 and day 12 of week 2 was greater than
days 2 and 4 of week 1.

The Effect of Aging on General Esterase Values.
Changes inmeangeneral esteraseactivitywithinaging
female and male horn ßies from an in vivo colony are
presented in Fig. 1. Newly emerged ßies of both sexes
yielded the lowest esterase activity. The mean general
esterase activity of newly emerged females was sig-
niÞcantly less than for samples obtained at 24 through
144 h of access to the host (KruskalÐWallis one-way
ANOVA on ranks H 5 43.798, df 5 4, P 5 , 0.001;
paired comparison DunnÕs method, P , 0.05). Mean
male general esterase activity of newly emerged ßies
was signiÞcantly lower than for the 24 and 144 h
samples (KruskalÐWallis one-way ANOVA on ranks
H 5 20.594, df 5 4, P 5 , 0.001; paired comparison
DunnÕs method, P , 0.05).

Age-Grading of Female Horn Flies. A subsample
(n 5 10) of Camp Stanley female ßies collected daily
(Monday through Friday for 2 wk) were age-graded
bydegreeof ovariandevelopment (Table 2). Basedon
lower mean age-grades it appeared that in the second
week of the study the ßy population was composed of

younger ßies. Although a signiÞcant difference was
found between the observations (KruskalÐWallis one-
way ANOVA on ranks, H 5 21.052, df 5 9, P 5 0.012)
upon pairwise comparison (DunnÕs method P , 0.05)
only day 1 differed signiÞcantly from day 12.

Distribution of General Esterase Activities on Days
1 and 9. Results of general esterase assays of day 1 and
day 9 female ßy collections (n 5 100 for both) were
pooled into six activity groupings and presented in a
histogram (Fig. 2). These data clearly reßect a shift in
distribution for day 9 toward the lower activity group-
ings, particularly the lowest grouping (0.00Ð2.99 mM/
min).Onday 1, 17 of the females collectedwere in the
lowest grouping and on day 9, 41 females yielded
general esterase activities that placed them in the
lowest grouping, representing an increase of 2.4 times.

Discussion

Metabolic carboxylesterases are implicated in the
detoxiÞcation and sequestration of OP insecticides in
the mosquito (Karunaraine et al. 1998, Callaghan et al.
1998), the sheep blowßy (Hughes and Devonshire
1982;Campbell et al. 1997, 1998), and thepeachpotato

Fig. 1. General esterase activity (mean 6 SD) of aging
female and male horn ßies. Female samples: n 5 20 for newly
emerged (NE), 24, 48, and 72 h, n 5 14 for 144 h. Male
samples: n 5 20 for NE and 72 h, n 5 9 for 24 h, n 5 14 for
48 h and n 5 19 for 144 h.

Table 2. Mean physiological age and age distribution of Camp
Stanley female horn flies collected Monday through Friday over a
2-wk period

Day Mean SD
%

stage 1a
%

stage 2
%

stage 3
%

stage 4
%

stage 5

1 3.5 1.080 0.0 10.0 60.0 0.0 30.0
2 2.3 1.160 30.0 30.0 20.0 20.0 0.0
3 2.4 1.897 60.0 0.0 10.0 0.0 30.0
4 2.3 1.059 30.0 20.0 40.0 10.0 0.0
5 2.3 0.949 30.0 10.0 60.0 0.0 0.0
8 3.3 1.252 10.0 10.0 40.0 20.0 20.0
9 2.0 1.633 70.0 0.0 0.0 20.0 10.0

10 1.7 0.949 60.0 10.0 30.0 0.0 0.0
11 2.8 1.398 20.0 30.0 10.0 30.0 10.0
12 1.5 0.707 60.0 30.0 10.0 0.0 0.0

Age-grading based on ovarian development of a sample of n 5 10.
a Stage 1 follicle separated from germarium and spherical, stage 5

egg at maximum size and maturity (Scholl 1980).

Fig. 2. Histogram of the distribution of day 1 and day 9
female general esterase activities. General esterase activities
sorted into six activity groupings (0Ð2.99, 3Ð5.99, 6Ð8.99,
9Ð11.99, 12Ð14.99, 151).
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aphid (Field and Devonshire 1998). While studies of
horn ßy OP hydrolyzing esterases are lacking, horn
ßies are known to possess esterase(s) that hydrolyze
thepyrethroid insecticidepermethrin(Bull et al. 1988,
Sparks et al. 1990, Xu and Bull 1995, Pruett et al. 2000).
Relative toOP-susceptibleßies,OP-resistanthornßies
have been found to possess elevated esterase activity
(Guerrero et al. 1999). Thus, pyrethroid and OP hy-
drolyzing esterases of the horn ßy, although poorly
deÞned at present may have an important role in
resistance to either OP or pyrethroid insecticides, and
an elevated level of general esterase activity may be a
diagnostic indicator of insecticide resistance particu-
larly with respect to OPs.

An important management tool for monitoring de-
veloping insecticide resistance would be a diagnostic
test for esterase-mediated resistance mechanisms.
Qualitative and quantitative measurement of general
esterase activity with a-naphthyl acetate as substrate
has revealed elevated esterase activity within OP-re-
sistant horn ßies (Guerrero et al. 1999). This obser-
vation suggests that measurement of general esterase
activity could Þnd utility as a diagnostic tool in the
management of insecticide use, and prolong the pe-
riod of time before development of insecticide resis-
tance within the target species. However, before de-
velopment of such an assay, it is imperative to quantify
variability in general esterase activity within an OP-
susceptible population. In the current study we found
considerable variation in general esterase activity
within a population of diazinon-susceptible horn ßies.
The observed variability would make it difÞcult to
accurately diagnose subtle differences between pop-
ulations of ßies. The female population demonstrated
a higher degree of general esterase variation than did
the males. The noted variation is most probably the
result of physiological variability within the age-struc-
ture of the population. The data presented in this
study and previously (Pruett et al. 2000) support the
hypothesis that general esterase activity increases
with aging, and that newly emerged ßies have a much
lower level of general esterase activity than do more
mature ßies. Thus, an increase in the proportion of
newly emerged ßies within the population would
lower themeangeneral esterase activity. Thedata that
we present for age-graded female ßies generally sup-
ports the hypothesis that during the second week of
the study the ßy population was composed of younger
ßies (Table 2). This difference was mostly reßected in
a shift of the percentage of ßies from later stages of
development to earlier stages of development. Con-
sidering the variation within the sample, a larger sam-
ple size may have provided more support for this
conclusion. However, more convincing evidence for a
shift in the age-structure of the population is pre-
sented inFig. 2, ahistogramofgeneral esterase activity
distributionwithin samples of days 1 and9 femaleßies.
Onday 1, 17 of 100 females had general esterase values
within the lowest grouping, whereas on day 9 the
number had increased to 41 of 100 females in the
lowest grouping. Considering that esterase activity
increases with aging, particularly after 24 h, the in-

crease in the number of females with lower esterase
activities on day 9 is concluded to represent a change
in the age-structure of the sample.

These data suggest that a simple measurement of
general esterase activity is limited as a diagnostic tool
because of natural variability in general esterase ac-
tivity within the ßy population. As a result of this
inherent variability in general esterase activity only
large differences in means can be reliably detected.
Also it is known that substantial resistance as a func-
tion of metabolic detoxiÞcation may be reßected by a
subtle, if any, change in general esterase activity
(ffrench-Constant and Devonshire 1988). Therefore,
thedevelopment of reliable diagnostic tools awaits the
identiÞcation of speciÞc enzymes involved in meta-
bolic detoxiÞcation, and the design of immunochemi-
cal, biochemical, or molecular assays of speciÞc ester-
ase activity. Information obtained from speciÞc assays
will provide more meaningful information for use in
mitigating the development of insecticide resistance.
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